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fulfillment of the requirements for the degree of Master of Science. 

ABSTRACT 

This pa r describes an x-ray spectrometer designed for use at 
the M.I.T. linear accelerator. The spectrometer is a three-counter 
telescope with a thin lead radiator botween the first and second coun- 
ter. The first and second counters axe thin plastic scintillators; 
the third, a thick plastic scintillator. An acceptable event is one 
in which there ia no pules in the first counter and a doubly ionising 
pulse in the second counter in coincidence with the third counter. 

Such events should be electron-positron pairs originating only in the 
radiator* To a first approximation, the sum of the pulse heights pro- 
duced in the second and third counter is proportional to the incident 
x-ray energy# 
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I. INTRODUCTION 



The Intention of this pa par is to describe sn x-ray spectrom- 
e ter desipmd for use at the M. I, T. linear accelerator* The spec- 
trometer la a three-counter telescope with a thin lead radiator between 
the first and second counter* The first and second counters are thin 
plastic scintillators | the third, a thlok plastic scintillator* An 
acceptable event is one in which there is no pulse in the first coun- 
ter and a doubly ionising pulse In the second counter In coincidence 
with the third counter* Such events should be electron-positron pairs 
originating only in the radiator* To a first approximation, the sun 
of the pulse heights produced in the second and third counter is pro- 
portional to the incident x-ray energy. This chapter is devoted to 
explaining the need for a spectrometer of this type at the linear 
accelerator. 

Five- to 2S-Mev x-rays are known to interact strongly with 
nuclei* Among the heavier elements, as such as 2 percent of ths total 
absorption coefficient for 25-lfev brensstrahlxmg is of nuclear rather 
than atonic origin. Most of the experiments have investigated ths 
emission of heavy particles following photon absorption. Recently, 
however, some measurements have been made of nuclear absorption coef- 
ficients in good geometry transmission experiments* and of large- 
angle scattering of bremsstrahlung . 
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The M. I. T. linear accelerator Is 10 to 100 tines as strong a 



source of 5- to 17 -Mev x-rays as the usual betatron of comparable 
energy* This accelerator can furnish average electron ourrente of 
about 2 microampere* • It is, however, a pulsed machine with e duty 
ratio of only 10“^, and during the 1 microsecond pulse, the current 
reaches peaks of about 50 ailliamperes. The lew-duty ratio of the 
accelerator is a vary important factor in the design of an x-ray spec- 
trometer for use at the M.I.T. linear accelerator. The counting rate 
of a detector can be no more than a few counts oer second, and the 
detector must be able to operate in the pretence of a very high level 
of background radiation (low-energy photons and fast neutrons ) pres- 
ent during tbs 1 microsecond pulse* One west use this high photon \ 
intensity of the accelerator to obtain energy resolution, good geom- 
etry, or small target siae, rather than to obtain high counting rates. 

A second limitation of the M. I. T. linear accelerator as a 
photon source imposes further restrictions on a photon datactor* The 
electron energy spectrum of the accelerator is not only far from 
monochromatic, but it la difficult to keep the spectrum constant dur- 
ing a run and difficult to reproduce the same spectrum on subsequent 
runs* If one is to use all the current available and, say, thick- 
target bremsstrahlung in order to make as strong a photon source as 
possible, it is i 

1. Kecessary to monitor the photon spectrum itself 
rather than the electron current $ end 
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2* Very desirable to obtain a* much information as ooa- 
siblo fro* a single rtm. 

The cost efficient photon detector with reasonable resolution 
la a largo volume of Hat* Such a spectrometer haa been construe tad 
by Koch^. Eoch’s best detector is a total abaorption spectrometer 
with 11 percent resolution at 11 Haw, employing a Hal crystal 5x8 
Inches* His 2 x 2 x 5- inch Hal crystal girts about 20 percent resolu- 
tion at 10 I fer* For use at the accelerator, the expense of such a 
large amount of Hal would perhaps be .Justified were it not for 

1* The extrems sensitivity of Hal to photon radiation) 

2. Its relative sloe decay time of about 0*3 p see. 

The first limitation requires the spectrometer to be enclosed 
in a massive amount of shielding* In a large-angle photon scattering 
experiment, the signal would need to be clipped to a fraction of the 
decay time of Hal to reduce pile-up of Compton recoil electrons* The 
differential cross section for Compton scattering at 90 degrees la as 
mush as 10 times as large as cross sections one would Hhs to measure, 
and the pile-up of the approximately half tfev Compton scattered photons 
during the 1 p second accelerator pulse is a serious orchis® with any 
photon detector which involve# pulse -height analysis* 

The best energy resolution in the 5- to 17-Hbv region is ob- 
tained with a magnet ic pair spectrometer* Walker and a Daniel^ wars 
among the first in this field and obtained a solid angle times effi- 
ciency of aporaxirmtely 10“? with an energy reeolution (width at half 
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mxtmaa) of *>•'? percent* Currently, the boot energy resolution in 
the !>- to 17-Msv energy range it obtained by Kineey and Bartholoraet^, 
using a similar improsed rertion of Welker and McDaniel’ 8 magnetic 
pair spectrometer* Using a b*7 tdlligrap/c*^ C°ld radiator, Kinsey' s 
beet ha If -width is 12:0 key, independent of photon energy* 

The linear accelerator it a sufficiently strong source of 
x-rays to enable one to utilise a high-resolution, low-efficiency 
Magnetic pair electrometer* It should be able to measure the entire 
energy spectrum at one tim j hence , it would have many channels and 
be of large else* 

Another type of spectrometer, known as the three-crystal scin- 

4* Q 

tills t ion spectrometer , employing three tfal 1-1/2 inch disaster 

crystals proses useful in the h~ to 12-Hst energy range. A typical 
arrangement^ employs two 1-1/2 inch by 1 inch thick Hal crystals as 
annihilation radiation detectors and a center 1-1/2 inch by U inch 
long Hal crystal which measures the energy of the coincidence pair. 
Counter efficiency at 6 Ifer it about 1(T^, end width at half asxixua 
is 7 percent. 

Energy resolution with this three-crystal scintillation spec- 
trometer at 11 Hsw is 11 percent* In addition to those limitations 
imposed by the linear accelerator on the Hal total absorption spec- 
trometer, the three-crystal scintillation spectrometer depends at 
0*51- Her photons in coincidence for its resolution, and hence is not 
easily adaptable for use at the M.I.T. linear accelerator* 
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A fourth approach to the problem has been attracted, which 
should provide t 

1. Approximately 10 peroent resolution at 10 Mrrj 

2. Small dimsnsions and ease of shielding; 

3. Solid-angle tinea efficiency of about 10“^; 

b. Ability to measure an entire spectrum of photone 
from *>- to 17-Jfev at a single run with several bins per resolution 
width j 

$• Simplicity and econoay as far at the actual detec- 
tion is concerned. The major investment would go into the design and 
construction of associated electronic equipment, ibis ease e-uipornt 
would be useful for other projects at the M. I. T. accelerator (see, 
for example, W, J. Sr* telle, S.K. Thesis, M.I.T., May 195?)* 
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II. APPARATUS 



DESCRIPTION 0? SPECTROMETER 

The spectrometer eointillators art eoaswrclally available 
"Pilot B* crystals t density 1.03, polyvinyl toluene, para**t®rphepyl, 
part-para-prirw dlph«oyl3tilben«^. Prallaimry masuremanta Indicate 
a decay tins of less than 3 x lCF' seconds * • Figure 1 shows to scale 
the physical arrarsveraont of the spectrometer. The beam of photons 
froa the source being surveyed is collimated bymoans of a half-inch 
hole in a 3-inch thick load disk. The collimated photons are then 
incident on a lead foil where they interact forming pairs and Comp- 
ton recoil electron# ♦ This foil is known as the "converter." The 
converter is one-half inch in diameter, eewnted to a thin Incite 
ring. The converter fit* flush against scintillator No. 2, which in 
turn Is held flush against scintillator No. 1. No. 2 scintillator is 
a cylinder 3/b in=h in diaisetar by 3/16 inch thick j No. 1 scintilla- 
tor la a tapered cylinder 3 inches Ions, taperinw from 2~l/l< inehsa 
in diameter to 1-1/2 inches in disaster one-half imh fro* the end. 
Figure 2 shows the shape and arrangement of the plastic scintillator*. 

Scintillator No. 1 has all its open faces wrapped in 1-ail 
aluminum foil to improve the light collection and to separate opti- 
cally scintillator No. 1 from scintillator No. 2. The scintillation 
unit comprises the plastic scintillator, optical coupling, and 
•elected RCA phototube. Figure 3 shows to scale the method of 
construction of unit No. 1. 
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Figure 1 



Physical Arrangement of the Spectres*? tar 

The axle of scintillator unit Mo. 3 is 
perpendicular to both the axis of unit 



Gamma Source 





SHIELDING ARRANGEMENT 
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Figure 2 

Arrangement and Shares cf the 
Plastic Scintillators 

Plastic scintillator Ho. 2 is a push fit into 
the Incite light pipe. The converter. No. 2 
scintillator, and scintillator No. 1 are held 
together by a clamp arrangement. 




ARRANGEMENT OF PLASTIC SCINTILLATORS 
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SclntiUetor unit No. 2 hits a 1-1/2 inch diawter, 2 Inch long 
Incite light pipe, to which is serened the 2-1/2 inch Incite licht 
pipe sheen in Figure 2. Scintillator Ho. 2 is inserted in the light 
pipe (push fit, Kujol optical seal). The converter holder fits into 
a larger diameter, 1/h inch thick lucite ring which clasps unit Ho. 1 
and unit No. 2 together. 

Scintillator No. 3 it 1/S inch by 1-1/3 inch, rectangular cross 
section, 2 indies long (shown in Figure 2). This domino-shaped plas- 
tic scintillator is held by a lucite clasp so that the standard 1-1/2 
inch diameter Incite light pipe (as described for scintillator No. 2) 
looks at it end on. 

ELECTRONIC CIRCUIT 

The experimental equipsssnt is shown in the block diagram of 
Figure b. The gain of the system is calibrated by introducing arti- 
ficial pulses (employing a Western Electric 27 J >8 relay to dove lop 
pulses of proper shape) into the input ef the preamplifier. The 
height of these pulses is measured to an accuracy of a few tenths of 
a percent. The preamplifier Is physically locat'd as an integral 
port of the scintillation unit, bolted to the end of the aluminum 
housing of Figure 3* Pulses are than amplified times 30 in an ampli- 
fier whose rise time is 0.0b p second* Unit No. 1 and unit Ko. 2 
have two outputs. One output goes to the coincidence circuit and 
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th# other to the addition circuit. The coincidence outputs from 
unit So. 1 and unit No* 2 ar® daisy-lint clipped to 0.0£ p. second 
and delayad by 0*03 p second to A lot tin® for anticoincidence 
puls® No# 3 to function. These pulses are amplified and fed into an 
EFP 60-pulse shaper# The function of D2 is to discriminate against 
the Compton recoil electrons. D1 allows the biasing out of low-energy 
photons if desired. The output of EFP 60 No. 3 goes to the grid of 
the No# 2 Philips tube. Since the two inputs of the No* 2 EFP 60 
art out of phase, if a signal exists at No. 3, there i# no output 
froa Ko. 2. The outputs of the Ko.l and Ko. 2 pulse shapers to go a 
diode bridge. 

Th# measurement of the resolving time of the a met rooster was 
experiaa ntally determined, using the 6-ii»v fluorine gawaa-ray, to be 
0.057 p second, as shown in Figure $, A DuMont 6292 phototubs was 
tried in unit Ko. 1 but prosed to be unsatisfactory. The fluctua- 
tions in the transit time for the DuMont tube were so large that the 
cabla curve was not flat on top. 

The other outputs free the Ko. 1 and Ko. 2 (x 30 ) amplifiers 
are added, clipped to 0.03 n second, stretched, and amplified as 
shown by tbs block diagram of Figure 6. The output from the diode- 
bridge coincidence circuit triggers a uni vibrator which forms a 10 p 
second gate. If the gate is open, the added pulse get# through and 
is amplified and then is pulse height analysed. 
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Figure It 

Block Dlagr*E of Sxperiiwntal Equipment 

The addition and gating circuit is shown in 
Figtrro 6, tho imlce-height analysis circuit 
in Figure 7. 
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Figure 5 
Cabl* Curve 

RG 63/U was used in conjuration with a 
F^Cp^'r) source to detersina experimen- 
tally the reaolivng tins of the spsctroa- 
eter. Each run aas normalised to the 
sans number of protons incident on the 
proton target* 
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ADDITION AND GATING CIRCUIT 
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The pulse-height analysis circuit-block diagram is given in 
Figure 7. The basic nrinclple of this pulse-height analysis is 
that paisa height is changed to time by a condenser discharging at 
constant currant through a pentode. This time is accurately ws so- 
ured by beat in? a erystal-cortt rolled oscillator on tha triangular 
pulse and counting tho oscillator pulses by a conventional binary 
scalar* This circuit is known as tho "S&tltichannsl Differential 
Disc risninat or , * and Its detailed circuit diagram may be found on 
fils 6Ji32, laboratory for fhielear Science, M. I. T., Dwg. Ha* 
D-2231-A. The output of the scaler goes to a buffer amplifier 
and then to cm of two (or both simultaneously) mathod* of record- 
ing the reading of tha scaler. 

Figure 8 shows ora method of data recording* This method 
provides a 12%-channel recording pulse-height analyser. Six scalar 
lights era in a light-tight booc where they are recorded by a stand- 
ard 16-m movie camera externally driven at approximately 9 inches 
par minute* The framing pawl of tha camera is removed to achieve 
continuous movement of the film* This Is necessary, since the film 
is "framed" even though the camera shutter has bean removed and made 
inoperative. A clock it an added feature for future identification. 
The film is read most easily by scanning it on a standard l/S-sw 
microfilm reader* The pulsar is turned on periodically during a run 
for calibration purposes* Heading time varies from 150 - hOQ counts 
per hour, depending on energy and counting rate. 



nt avr'r &t tticxttn* **vi*<S-©«Itjq erfT 

el aievlm* d-rfgleri-welynr aid* 1© CqlciilTqi oit*rf •rfT »Y ' it H 
#* BitlSiaffoeib T*«rMm» * Tprf «*'hf otf el J'lXari ©sloq 

-«« ^edenr/co* *1 »MT .«fc©J«^T © <!©«*"» '> ,+-»nrrf» $n* J tmo 

mCtratKm.t'sd* arftf no *wtfiXIlww> b*tS**9^>o>^i*t+n* • '*Jie*rf * ~r» 
Xiantd lanolfttimioo • ••*»X*n I *sr>£etXfr»'» *u «*1. ’»••*' © ^i* ©eliiq 

I«X*n>yrattlJl€ ©rfl a© %l 'liarri- «*"'* ,'raleoa 

no fcfawl ad yp* «lb itotnia W 1 $-• *b «•/ Lre *%«» -• .. fc»‘?o elG 
»oH .|na t .T .1 .- eXll 

'joi'iXIqsifl rr-Ybstf © o# eaoj tel*©© erfi *** •>-'**© orT SS-C 

-b*to»9>x 1© ebctflX- (^leiroao lisels rtlod i b >** •• «f #«*> ba» 

.T*X>: • Mi >0 r'Jf' 4 " r * Ml *ti 
bo rid s elrTT ©lab la txwto^ *> -'• 

•xal^© x£3 **xe»xDKi* *iki«d-*eli'' yilbnoeerr X»f»»v-*-’5X © •*Vlvo**} 
-fccsd’B a xd bobro&ort m» jptiir rrsrf* so d # r‘ erc« MtHlX 

aorieni ? i^elaslxOTqq© t* n*cl«rb xjHemM * »» no-dl b*s» 
mralsfM o? hwrwr** »> © ■ !— © mH 1 *’ X*v ?*Wa*l *a*i>nlm *r»o 

•111 • r h? el eliit •1'II‘i •»,* »« ^KT*07l» «fcOttnl»(VJ3 

arofisd t© 1 *nsl*«l NM*»© n© *f vooXo 
•w~£l to*hft©l« * no fclImm o« ^ \X **' r «©*» b®crr el isXil eriT 

an © Wtiab ^XaoX^l'T^T i» bwi el *s««Xf’ M» ,v+*t ©IHotoIm 
•Imres OOii - 0?X «ral eeltsv ©ell -aJ;h*«H . — » r r ^ rjollridilao tol 

• Met vnllnaco he© o‘i w% ©*• *«-"r ’*'•!> ,narorf teq 




to 

-C 

cn 



a 

V. 

<D 

£ 

o 

o 



PULSE HEIGHT ANALYSIS CIRCUIT 
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Flgure 8 

Method of Recording Scaler Lights 

The rectangular box shown in tho figure is 
lipht-tisdit and a standard 16-rw aerie 
camera, equipped with a short focal length 
lens, records the fact that the gate was 
opened and the channel maker* The fils is 
externally driven at 9 inches per minute. 
The clock is for Identification of the run. 
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The second rant hod of recording the output of the analyzer is 
on a set of sixteen mercury registers. Essentially, the binary sys- 
tem of tee scaler lights Is converted Into a scale of sixteen by 
means of a diode matrix* The sixteen registers can be set (by selec- 
tor snitch) to covert 

a. Channels CMS, 16-31, 32-4i7, *••, 112-127 | 

b. Channels 0-31, 32-6h, etc; or 

c. Channels 0-63 and 61-127* 

Investigation of the overall electronic stability of the 
•pec trows ter has shown a drift of the order of 1 percent during a 
period of one hour. It has been determined that the major part of 
the drift originates in the addition circuit. The pulse-height 
analyser itself is stable to 1 percent over a period of several 
hours. 
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hi. muzcnm of pairs 

The principle of selection of pairs created In the comrarter 
and rejection of C canton recoil electrons is accosolishod by a dis- 
criminator in the output of unit No* 2 (D2 of Figure J*). Fairs are 

mostly emitted in the forward direction with the mean angle of 

on 

bipartition glean to a close annroximtlon by fa « where 

ms^ " 0.51 Her, and Ep » photon energy leas 1.02 Mev. The colli- 
sion energy loss psr cm for 1- to 1^-iiev electrons is constant with- 

21 

in 10 percent if the denari ty effect is included. Hence, to a first 
apprcxication, a pair will lose twice as nueh energy in scintillator 
Ho. 2 as will a Cosepton recoil electron. Therefore, we require that 
a ciniaue energy loss bo sustained in scintillator Ho. 2 in cider to 
record a coincidence with etint ilia tor Ho. 1, resulting in addition 
of ths energy lost by collision in Has. 1 and 2, and yielding a 
pulse whose height is linearly proportional to the energy of the 
incident photon less 1.02 lfcv* 

For 17-Mrr incident x-rays one would exoect that B2 would do 
a good job of separating out the pair*. Figure 9 is an estimate of 

the pulse-height distribution for the 17.6-Ver incident ganwa. Appen- 

> 

1 

dix I describes the method of obtaining this figure. Ckw need only 
set B2 at 1.15-JteY energy loss in order to insure adequate pair selec- 
tion. 
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Figw* 9 

Calculated Differential Energy Distribution Curves 
for Scintillator Wo. 2, 17*6 lfcv, 16-ed.l Pb Converter 

The aethod of calculation of the curves is ax- 
plained in Appendix X. The contribution to 
the distribution by pairs and Coaoton recoil 
electrons formed in the scintilla tor itself 



has not been taken into account. 
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At 6 ifev, a worthwhile ost incite of the pulae-'ieigirt distribu- 
tion for scintillator Ho. 2 could only be obtained by a detailed 

Hi 

"Manta Carlo” calculation, which has not bean carried out. It is 
«ore difficult to seoarete the pairs at 6 Maw than at 1? Mar. 

Fairs and Compton recoil electrons say originate in scintilla- 
tors themselves. If these electrons originate in scintillator Ho. 1, 
a coincidence will not be recorded. If they originate in the anti- 
coincidence unit, they will lose enough energy to trigger the anti- 
coincidence circuit and a coincidence count will not be recorded. 
However, if these electrons originate in scintillator No. 2, the pos- 
sibility exist* of recording a coincidence count. For comparison 
purposes, we examine the relative probabilities! 

TABLE I 

16-adl 





lead 


Scintillator 






Process 


Converter 


No. 2 


K 

IX 


Reference 


Corspton 


0.7 


0.9 


6 


2? 


Flair 


1.0 


0.1 


6 


lh 


Coapton 


0.32 


0.39 


17 


25,29 


Pair 


2.1 


0.25 


17 


29 



Any nairs originating in unit No. 2, which lose enou^i energy 
in scintillator No. 2 to trigger D2, will contribute to a sharp reso- 
lution function. However, ary Compton recoil electrons which are 
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mult inly scattered in scintillator Mo, 2 so as to trigger unit Mo. 2 
(increased path length, increased energy Iocs by ionisation) sill 
result in the broadening of the ships of the spectrum, particularly 
on the lcsi-onrrgy sida, because of the continuous Compton distribu- 
tion. Qualitatively, it is seen that only law-energy C asp ton recoil 
electrons have a large probability of Multiple scattering which, 
combined with their larger angle of e ads a Ion (Appendix I), uaka this 
group the most troublesome. Hence, one way of tutting down the low- 
energy tell resulting from the Compton effect is to raise the bias 
of 01 or reduce the thickness of scintillator Mo. 2. 
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IV. FUNCTION 0? SCINTILLATOR NO. 3 



Up to this '->oint , it has been unmoaasory to discuss ecintil- 
lator No. 3 as the operation of the spectroastsr as deaigrad only 
requires mit No. 1 and unit No. 2 t as previously described. At the 
mar surface of scintillator No. 2, there ray exist a high-level 
•lsctron backrrotrr!* East of these electrons cow? frea the colli- 
sat or. 

For a 17—ifev incident gjur*-r«y, this large norther of scat- 
tered electrons is an order of Magnitude larger than the number 
created ’purposely in the converter. Sows of those electrons will 
lose a sufficient amount of energy in scintillator No. 2 to contri- 
bute to the coincidence counting rate. 

One can get rid of these electrons either by a magnet or by 
a third scintillator in anticoincidence. The setting of the dis- 
crlsaimtor on unit No. 3 is not critical. D3 is set so that a mini- 
mus ionizing particle in peasing straight through scintillator No. 3 
causes the anticoincidence circuit to operate. 
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Ideally, a nonochrossetio £- to 17-lfev x-ray will interact 
with the converter foraing pairs and Compton recoil electrons. As 
previously discussed, scintillation unit Vo. 2 will discriminate 
against the Coast on recoil electrons, and pairs only will he recorded 
as coincidence counts, resulting in a single pulse height correspond- 
ing to E r - 1.02, where is incident nonoenergetie x-ray energy in 
ibv. Resolution la defined as the width in Msv at half aaxisaaa 
divided by the peak energy in lifev. 

The resolution of this spectrometer Is detendnsd by the fol- 
ios inp factors t 

1. Light collection and photomultiplier statistics j 

2. Radiation energy loss in the scintillators } 

3. Electron escape frow the scintillators * 

b* Energy loes in the converteri 

5. Capture of one or both annihilation quanta. 

IIQHT COLLECTION AND 
FHOTOMUITIPUER STATISTICS 

The abaorption of light is saall^ in plastic scintillators, 
such as "Pilot B." Photosraltiplier statistics can be treated in 
good apprariwetion^*^*^ as a statistical fluctuation in the num- 
ber of photoelectrons at the first dynoda of the photomultiplier. 
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Ifarfc and Ooldring 1 ** have measured the resolution of the Ca 1 -* 7 
62h-kev Internal conversion 11m, using H Pilot B" scintillator and 
have obtained a value of 1? percent, as compared with 7 percent for 
Hal* This result Implies an average of about 60 ohot ©electron* per 
K»v energy loss in the scintillator. 

Usinc this figure of 60 photoelect rone per ! fcv energy loss and 
aaatudnp' that the light collection efficiency for scintillator Ho. 2 
la half that for scintillator Ho. 1, ee arrive at the folio* inr con- 
tributions to the energy resolution of the spectrometer resulting 
fro® light collection and photomultiplier statistics s 
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RADIATION EITTROT LOSS 

Electron energy loss by radiation does not contribute to sein- 

3li 

tillator fluorescence. Bathe and Heitler give the probability, P ft , 
that an electron traversing t radiation length* will have an energy 
loss less than a times its initial energy (neglecting loss by Ionisa- 
tion) as t 

o t Ao* 2 

® (t/log 2)1 * 
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27 

where t la the thickness in radiation lengths • A plot of this 

function for a 10-Hsv electron traversing it* total range is shewn in 

Figure 10* If ionisation losses and variation of the radiative loss 

with ensrsr «re taken into account^, the effect sill be to decrease 

further the lew -energy tail* Examination of the energy distribution 
© u 

of the pairs * reveals that the lew-energy tail will be further de- 
creased j and, consequently, radiative loss at 17-’*»v incident x-ray 
energy will not appreciably affect the resolution* Bairs from a 
6-Msv incident x-ray will have negligible lose by radiation. 

ELECTRON ESCAPE 

Sons of the electrons and positrons nay escape team the scin- 
tillator* In calculating electron escape probability, the electron 
er positron was assumed to enter scintillator No* 2 at an average 

angle ft 0 (see Appendix I)* The gausslan approximation of Roesi and 
27 

Creieen for the lateral displacement was graphically integrated 
taking into account the energy loss by collision. The mean square 
angle of scattering in the gausaian approximation 2 ^ is j 

Sa 2 t 

2 p 2 R 2 ’ 

where the meaning of the symbols is given in Appendix I* Thus, we 
find that a lS-l%v electron has an 18 percent probability of escap- 
ing with acre than 1*? Ifev* Weighting the escape probability with 
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Figure 10 



Electron Energy Lose by Radiation 
This curve is the differential probability 
of enorgy lose by radiation for 100 10- Hay 
electrons traversing 0.i*> radiation lengths 
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RADIATION ENERGY LOSS 





the pair energy distribution function 2 * 1 give* the apcroxinate reso- 
lution caused by electron escape. This is negligible for a 5-lfev 
x-ray, of the order of 6 percent for the 17-Mev incident x-ray, and 

a rapidly increasing function of energy above 1 Js-Sfev x-ray energy. 

36 „ 

The length of scintillator No. 1 is equal to the range of a 16- 
Msv electron. 

ENERGY LOSS IN THE CONVERTER 

The electron pair created in the converter loaea energy in 
the converter and in the aluminum foil before entering the a cint il- 
ia tor. This energy loss is not a constant, and the fluctuations in 
this energy loss contribute to the energy resolution of the spectrom- 
eter. The fluctuation of energy loss occurring when electrons pass 

through absorbers that are thin compared with their range has been 

37-39 

experimentally measured 'and found to agree with the landau 

hO 

theory . The net effect of multiple scattering is to increase the 

OQ 

relative number of low-energy electrons . The rns fluctuation in 
energy loss can be most easily calculated using Yang’s A correction 
and assuming the gauss ian distribution for the multiple scattering 
(see Aopendix I). Proceeding along these lines, ue calculate a root 
■aan square energy loss, "which, when divided by the electron energy, 
gives resolution* 
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Tfo? alua&nua foil U3«d to nap the scintillator has a total 
thickness of 3 nils* At 6 Vox, the energy loss calculated as out- 
lined above is of the order of 1 o^rcentj at 17 Shv, this loss Is 
ns eligible* 

The converter can be approximated aa an electron point source 
covered a 1th a foil of half converter thickness* The angular distri- 
bution of the electrons in pair production will In general hare the 
saw effect aa multiple scattering) that Is, electrons *111 not travel 
a constant straight-line path through the foil but *111 be distributed 
In direction (hence, path length) according to the pair production 
angular distribution* Since a characteristic angle of eadasioct (see 
Appendix I) is inversely proportional to energy, as also is the root 
■•an square angle of scattering, the ratio of these two angles is 
roughly Independent of energy for a given converter thickness* Ho 
gain In resolution can be achieved by reducing the converter thick- 
ness beyond the point ■where the root «ean square scattering angle 
beeoees equal to the average angle of pair emission* 

Assuming an average electron erergy equal to one-half 
(By - 1*02), where Ey la Incident x-ray energy in Msv, the follow- 
ing results are obtained for a 16— ail lead converter* 
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The affect of radiation loss In the converter la ■ sellar than 
the above* 

CAPTURE CP AKSIHILATION QUANTA 

Capture of an appreciable fraction of the annihilation quanta 
in the scintillator will impair the energy resolution of the spec- 
trometer* 

The fraction of sanm-rey energy dissipated by a narrow bean 
in passing through the scintillator Is not the aama ae the fractional 
lost of Intensity* It la nooessazy to multiply the probability of 
each Interaction process (Count on and photoelectric) by the probable 
fraction of the photon energy actually dissipated in the absorber as 
a result of the process. Using this aethod, one takes the value of 
the energy absorption coefficient to be 0*029 c*Ve* 0*91 Msv for 
"Pilot 3" scintillators (Fano 1 * 1 )* 

The aethod used to calculate the probability that at least 

one annihilation quantum is absorbed Is as follows t Assuan an aver- 

18 

age an pie of pair emission and that the range of the electron is 
approximately that for aluminum* (The energy loss in mica, carbon, 
and air is not significantly different from that in the same weipfrt 
of aluadmuL .) From this stopping point, assuming the quanta are 
isotropically emitted back-to-back with equal energies , we e stab- 
list an average solid angle and an average path length* From this 
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Is calculated the avsrage erorgy absorbed by the scintillator, taking 
Into account the energy distribution function of the pair electrons. 
At 17 *•*»▼, about it percent of the annihilation quanta are absorbed 
in the scintillator and about 7 percent are absorbed at 6 Mbt. 

SUKIAHT OF EXPECTED RESOLUTION 

To suns* rise this chapter, asstadng that the processes above 

22 

are statistically independent , one arrives at the following values 
for the expected resolution of the spectroaeter when using s 16-ad.l 
lead converter* 

Resolution 
(Percent.) 

20 

12 

10 
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10 

17 
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?I. CAIJBIUTION AT THU ROCKEFELLER OSHERATCR 

The spectrometer i* calibrated by using two pawne-rays of 
known energies to provide the two points necessary to draw the 
linear characteristics*^ 11 of the scintillator. Sines there are 
no available nonoenergetic gasraa sources about $ Mev, It is neces- 
sary to utilise pasama-rays froa nuclear reactions* lbs source of 
gamma-ray* generally used for this type of work is froa the proton 
bodbardmont of light elements. 

The source of protons for testing the spectronster was the 
M.I.T. Rockefeller electrostatic generator. This generator Is 
capable of delivering a aagnetically analysed (to within 0.1 per- 
cent) proton beam of $ n&croansperoa, continuously variable from 0.7 
to h Ifov. The output proton current is determined by a proton beam 
current integrator. The area of the proton beam at the target is 
about h square millimeters, so that for the purpose* of this experi- 
ment the ganrm-ray originates froa a point source. Figure 11 shows 
a photograph of the spectrometer and proton target. A scale drawing 
showing distances from the source is given in Figure 1. 

In view of the difficulty of preparing thin proton targets 
that will physically withstand high proton bombardment current, it 
was decided to me thick targets. Targetholders were made of 10- 
ail aluminum disks 2 inches la disaster. A 1/16 inch deep 1/2 inch 
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Figure 11 

The S metro raster In Piece at the WIT Rockefeller Generator 
Thl* figure is a photograph of the spec- 
trometer at the Rockefeller generator as 
it aas located for testing and calibra- 
tion. The proton target is shown in the 
right of the photogrenh. 
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diftraater recess uas for*»d In the center of the alumina** disk to 
hold the target arterial. Using the s awe die used to note? the 
do proas ion, the target Material ms pressed into the recess. This 
aathod proved satisfactory for all materials other than boron. The 
B^C cample eaa ohtainad through the courtesy of Professor J. T. 
Horton, Mstallurgical ISpartwnt, M. I. T* It ms in the fora of a 
3/l6 inch thick saaple, hot pressed in a graphite die. 

A list of energy standards used and references giving the 
yields and gaarm-ray energies follows t 



Target 

Ifeterial 




TABLE II 



Proton 
Bor&ardsent 
Energy (Sfev) 

1.2 



Gaae» 




16.7 

12.12 

It.ltl 



Yield 

(y/io 9 

Protons) 



2 

h 

u 



BSforsnoe 

12 

12 

12 



CaT 



1.15 


6.13 


500 


ii,12 




7.0 


200 


It ,12 



Li Jfctal 1.15 



17.6 20 it ,16 

lii.8 30 it,l6 



To a first appcrccciaaticm, tbs counting rate of the spectrom- 
eter i3 the fraction of solid angle subtended tines the probability 
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of producing * pair in tbs converter tines the rats of emission of 
gam* radiation* The actual efficiency of the counter *»t bo 
determined by experimnt, since the efficiency is an unknown function 
of D2 and PI settings, as well as the incident x-ray energy* 

Taking into consideration target conditions, pair cross sec- 
tion, and solid angle which obtain at ths Rockefeller generator. It 
was determined that the epprccdjsite timet to record 1000 counts are 
as follcwa* 

Target Tl» 

CaF 10 *ln 

Id, 1 hour 

BjjC 1 hour 

Tha danger of contaminating the Rockefeller generator imposes 
a croton current limitation when boabarding lithium targets $ this 
limitation is not present with P^C. This fact, coupled with the for- 
nation of RICH at the surface, reduces the rexiaum attainable lithium 
yield by about a factor of 10, which effectively gives the sane ob- 
tainable counting rata for lithium and boron* 
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VII. DISCUSSION OF SXPERDOTAL RESULTS 
OCSROI CALIBRATION 

The calibration of th# spectrometer is in tors* of the 
i7uls«r voltage* The men data are, hcwevor, rec rded in toms of 
chair* 1 number. Tha channel number (0) is relatod to voltage byi 

C * f(V la + K ’ V 2a ) (1) 

***** V 3a « d V 2a "• ****&* ** volta *> «“ * dditlon 

circuit fTo* units Nos. 1 and 2, respectively) K* Is an amplifies- 

tion factor determined by the oaraaetors of the addition circuit. 

Assiadn- linearity as dir as the addition circuit, equation (1) say 

be written t 



C - g(V) 

where ▼ ■ 3(V^ ♦ KV^) j V^ and V^ are the output voltage of scintil- 
lation wilts Nos. 1 and 2, respectively. V is a pulsar voltage, and 
the factor of 3 corns fro* the r*ra**ter» of the circuit in which 
pulsar and photomultiplier signals are mixed. 

A typical calibration curve, jiving C » g(V), is shown in 
Fipur* 32. The calibration curve is measured both with « 0 and 
■ Vg in order to determine the addition factor K. The value of 
K ordinarily used was 0.1£0 and was stable to 0*5 percent for sev- 
eral hours. The nonlinearity at the upper end of the curve shown In 
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Figure 12 
Calibration Curve 

Shewn hero la a typical calibration curve 
nade before, durtr*~, and after each ran. 

Haw data are in the fora of counts per chan- 
nel ae a function of channel roatoer. Data 
are converted Into counts per volt ae a 
function of pulsar voltage. 
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Figure 12 com* from overloading tho stage of amplification just 
before the pulsc-hoipht analyzer, Tm nonlinearity in the lower 
part of the curve comas from diode nonlinearity in the pulse-height 
analyser* 

The energy of the incident x-ray lx* 



« 1,02 ♦ ♦ Eg ♦ E c , 

where and Eg are energy losses (in Ifev) in scintillators No*. 
1 and 2, respectively, and Eq is the sect probable energy lost by 
electrons and positrons in ths lead converter (about 0.? May)* 



7 



E, ♦ K 



E 



ft, 



2 * 



The ratio* say be controlled by varying the photomul- 

tiplier high voltage. 

The sane negative poser supply forniahed the high voltage 
for No. 1 and Us. 2. This supply was stable to 0.1 percent for 
periods of several hours. Both photomultipliers were operated at 
-7k 0 volts* 

Calibration was accomplished by vaxying the addition factor, 
K, until the peaks froa the 6-Mev fluorine line and tha 16-Mrv Bj^C 
line fell in the correct relative positions (see Figure 13). 
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Figure 13 
Energy Calibration 

Curve Ho* 1 was obtained by proton bosibardrwnt of a 
thick CaF target j curve Ho* 2 by proton boiribardremt of 
a thick B^C target* A 16-nil lead converter was used 
for both curvee. The boron curve (No. 2) fron 1*5 - 
2.? volts ea a obtained with poor statistics and nor- 
malized to natch the 2*5 - U*5 volt section* There 
is acre evidence of the 12-ifev line at 2*3 volts* 

The anticoincidence circuit had not been designed 
when these runs were made. 
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FHJCREHS F.CHS 

The low-energy Hesitation of the anactronater is imposed by 
the. rapid dacrsaaa of the pair production cross section with de- 
creasing energy, contained with the increase in Cocmtan cross sec- 
tion* At about 5 l&rr (where these two cross sections are about 
equal), the resolution of the spectrometer Is Halted by the 
inability of discriminator Ho* 2 to perform its designed function) 
that is, separation of the doubly ionising pulses of the pair proc- 
ess from the singly ionising dulses of the Compton recoil electrons* 
Figure 1U illustrates the lack of a definite separation between 
pairs and Compton recoil electrons for 6-lfev incident x-ray energy. 
A sufficiently thin converter with a very thin scintillator Ho* 2 
would perform this function at, say, 3 Msv, since Multiple scatter- 
ing in the convertor and in the scintillator, with consequent in- 
creased fluctuations in the energy loss, would be mlnlmlaed* A 
point is reached, however, where linht collection difficulties and 
photomultiplier statistics Impose a loser energy limit to tho use- 
fulness of the spectrometer* 

Figure 15 illustrates the effect of changes in spectrum 
shape with changes in Cl. In order for the spectrometer to func- 
tion, It is necessary that there be a region where changing Cl does 
not materially affect spectrum shape* Figure 15 illustrates that 
such a plateau does In fact exist) that is, changing Cl from very 
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Figure lh 



Pulse-Height Dintrlbtitlon for Scintillator Ho. 2 at 6 Mev 
This curve aaa obtained by the proton bordbardssnt 
of a thick CaF target using a 16-nil lead conver- 
ter. The standard statistical errors of the 
points are indicated to the right of tho curve. 



Figure 15 



Effect of Changing Diacrininator No. 1 

All curvos in this figure vror® obtained 
by proton bombardment of a thick CaF 
target using a 16-341 lead converter. 
These curvet are noriseliaed to the n am 
number of protons incident on the target. 
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Ion to 0*3 volt* docs not affect the petition of the peak or the 
resolution. D1 at 0*2 volts requires at least 1-Mtv energy loss in 
scintillator No* 1* 

Figure 16 illustrates the change in efficiency of the spec- 
trometer with changes in the setting of discriminator No* 2 at 6-ibv 
incident x-ray energy* These curves sere all made with the same 
setting of Blj that is, 0*2 volts, and normalised to the same num- 
ber of proton* incident on the F^(p,a »v) target* Hence, ths retie 
of the areas under the curves of Figure 16 gives dirsctly the ratio 
of spectrometer efficiency for the given discriminator settings* 
Thsse ratios are l*2t3*8, in agreement with ths shape of the distri- 
bution curve for scintillator No* 2 shown in Figure Hi* The curve 
for B2 * 0*8 volts corresponds to an efficiency of 8 x 10~3 for 
6 - Wit incident x-ray energy, 16-mil lead converter. 

Considerin'’ 1 the contribution of ths l-V&r fluorine line, the 
resolution at 6 Her is about 25 percent, which is about the resolu- 
tion predicted in Chapter V. The lowest energy at which the present 
spectrometer is useful is 6 Wsv. To reduce this limit, to improve 
ths resolution at 6 Her, and perhaps more important to obtain a 
better plateau of efficiency as a function of D2 would require a 
thinner lead converter and a thinner scintillator No* 2* 
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Effeat of Chinking Discriminator Xo» 2. 
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Figure 16 



Effect of Changing Discriminator No. 2. 

All curves in this figure were obtained by proton boa- 
bardaent of a thick CaF target, using a 16-ail lead 
converter. These curves are normalised to the same 
moaber of protons Incident on the target in order to 
illustrate the change in efficiency as a function of 
discriminator setting. The standard statistical 
errors of each point are indicated to the right of 



the curves. 



HIGH ENERGY RUNS 

The difficulties apparent in the high-energy region, as illus- 
trated by Figure 13, led to the necessity for design of the anti- 
coincidence circuit* Figure 17 illustrates the difficulty in dis- 
tinguishing singly and doubly ionising events with the anticoinci- 
dence scintillator out of the circuit* This figure also demonstrates 
the apparent success of scintillator No. 3 in eliminating high back- 
ground effects which mask the expected doubly Ionising peak calcu- 
lated and shown on Figure 9 of Chapter TIT* To date, the only runs 
wade with the anticoincidence unit in operation were the pulse- 
height distribution in scintillator No* 2 shewn in Figure 17* 

The prediction in Chapter V regarding electron escape and 
radiation loss front sointillator No. 1 should be experimentally 
verified by a high-energy electron source* The high-energy limit 
ef the soectrowater is imposed as a result of rapidly increasing 
electron escape probability with increasing energy above 15 Jfew. 
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Figure 1? 



Effect of the Anticoincidence Circuit at 17 "*&»▼ 
The curves shorn were obtained by proton boaberdiapnt 
of a thick lithlua wstal target, using a 1 6-mil lead 
converter. The need for the anticoincidence circuit 
at high x-ray energy is illustrated. 
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An attenpt has been nadte to design, instrument, and calibrate 
an x-ray scintillation pair spectrometer capable of 10 percent resolu- 
tion at 10 ?%v. The spectrometer ia designed for use at the H. X* T. 
linear accelerator and consequently must apan the 5- to 17-Sbv x-ray 
energy region* This three scintillator telescope arrangement relies 
on the ability of a thin plastic scintillator to distinguish the 
doubly ionising pulses originating in the thin lead converter aa a 
result of the pair process* 

Careful study of the 6-’bv fluorine gasem-ray has shown 

1* That the observed resolution of 20 to 25 percent is 
in agreement with predicted values for the thickness of the lead con- 
verter and plastic scintillator used) 

2* That coincidence pulses are doubly ionising events, 

and) 

3* Better resolution can be obtained by wing a thinner 
lead converter and thinner plastic scintillator Ho* 2* 

Study of the hlj£*-energy incident x-ray region, using the 17-^fev 
lithium gana-ray, demonstrated that an anticoincidence circuit was nec- 
essary to distinguish doubly ionizing events. Subsequent experimental 
observations of the pulse heirfit distribution in scintillator Ho. 2 
pointed to the apparent success of the anticoincidence circuit. A pro- 
gram similar to that performed at 6 M»v remains to be carried out at 
17 Jfev to determine optimum operating conditions in this energy region. 
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APPENDIX I 



CALCULATION OF DIFFERENTIAL ENERGY LOSS DISTRIBUTION TCP. SCINTILLATOR 
No. 2 AT 17.6-}* v INCIDENT X-RAY ENERGY 

Using the electron energy distributions given by Johns st al^ 
in tabula tad fora for 1-Mar energy in terra la (17 .6-Mar incident x-ray 
energy) and the angular distribution in teraa of the electron energy, 
it is possible to calculate a theoretical energy loss distribution 
curve for scintillator No. 2 in the following manner. The angle a 
Ccwpton recoil electron wakes with the incident photon is fixed for 
a given photon energy by the relation^ 

W h - - MT/Lr - il - A . 

(1 ♦ c)* 

where y - energy of incident photon in ifcrj 
E » energy of recoil ©lectronj 
a » y/ac 2 ; 

- electron rest rasa, 0.?1 V«r. 

The average angle between t ha direotion of notion of a created 

9 

electron (positive or negative) and of the ohoton is 




where E is the energy of the electron 
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One* the electron enters the scintillator. It no longer 
travels In its Initial direction given by fe, or © 0 , but ia sub- 
jected to single and multiple scattering* One Method of finding 
the actual path length of electrons has been discussed by Yang 26. 
Yang uses a correction A such that t ’ » t + a, eh ere t* is the 

actual path length and t is the foil thickness measured in radia- 
27 

tion lengths • 



“average 



t 2 Ss 2 

uV * 



ehere Es • characteristic energy • 21.2 Mstj 
P » electron woman turn in Wrvf 

^ « velocity of electron in units of tho velocity of light* 



This result was derived from the ga us si an approximation of 
27 

Roe si but could be obtained from the exact numerical solution of 

28 

Snyder and Scott • It is felt that the gaussian approximation is 
of reasonable accuracy for these calculations and *111 be used 
throughout this paper when investigating multiple scattering ef- 
fects* Using the above formula and the collision loss ss a fune- 

2h 

tion of energy givon in Johns st al , it was possible to prepare 
the histogram shown in Figure 9 for the 17*6 -Mby lithium gamma-ray. 

The Compton cross section at 17*6 Mtrv was obtained from Davis- 
son and Pvans^j but, since the observed pair production cross sections 
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for lead above 5 Msv dlffbr at much as 10 percent frosi the calculated 
values, the value for the uair cross taction was tbt experimental 
value obtained by ^alksr*^. 

The ersrgy lets of the electrons In the convertor has not been 
taken into account In any of tha curves shown In Figure 9. Hough^ 0 
gives the probability of omission at an flnglm greater than <5^ (for 
large angles) at roughly t 



3/3 <%£) 7 



1 

1 ■» COt 4^ 



whore E Is the energy of the observed electron. From this, it can 
be teen that the actual pair angular distribution will spread the 
energy loss In scintillator No. 2 out towards the higher energy 
(longer actual path length). Tbs finite resolution of the photo- 
multiplier will spread the distribution out on both sidea of the 
peak. The resulting qualitative curve is shown in Figure 9# 
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